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Introduction
A-type lamins (lamins A and C) are type-V intermediate filaments that form the nuclear lamina, a proteinaceous meshwork underlying the inner nuclear membrane, which also extends throughout the nucleoplasm. They are major contributors to nuclear shape and architecture. [1] [2] [3] Lamins A and C arise as different mature proteins through alternative splicing of the LMNA gene and post-translational modifications. Lamin A is synthesized as a prelamin A precursor that undergoes farnesylation and carboxymethylation at the CAAX motif at the carboxyl terminus, followed by proteolytic cleavage of 15 amino acids, including the modified terminal cysteine. A-type lamins have been implicated in many essential nuclear processes, including DNA replication and repair, gene transcription and silencing, positioning of nuclear pore complexes, chromatin remodeling and nuclear envelope breakdown and reassembly during mitosis. [4] [5] [6] Laminopathies are diseases caused by mutations in genes encoding proteins of the nuclear lamina. 6, 7 In particular, over 300 mutations have been identified in the LMNA gene that are associated with a variety of human diseases, 6 ranging from muscular and adipose tissue dystrophies to premature aging syndromes such as Hutchinson-Gilford progeria syndrome (HGPS). 8, 9 Although it is clear that A-type lamins are critical for nuclear function, the molecular mechanisms affected by the different mutations in the A-type lamins and how they contribute to the broad variety of diseases remain ill defined.
Mouse models of laminopathies have been instrumental to understand the molecular basis of these diseases. 6, 10, 11 The Lmna Δ8-11/Δ8-11 mouse model is one of the best-characterized. 12 Originally generated as a knockout of A-type lamins, a recent study showed that it is not a complete knockout 13 and that low levels of a truncated form of lamin A are produced lacking the domain encoded for by exons 8-11 of the LMNA gene. These mice develop abnormalities that resemble human Emery-Dreifuss Over 300 mutations in the LMNA gene, encoding A-type lamins, are associated with 15 human degenerative disorders and premature aging syndromes. Although genomic instability seems to contribute to the pathophysiology of some laminopathies, there is limited information about what mutations cause genomic instability and by which molecular mechanisms. Mouse embryonic fibroblasts depleted of A-type lamins or expressing mutants lacking exons [8] [9] [10] [11] (Lmna Δ8-11/Δ8-11 ) exhibit alterations in telomere biology and DNA repair caused by cathepsin L-mediated degradation of 53BP1 and reduced expression of BRCA1 and RAD51. Thus, a region encompassing exons 8-11 seems essential for genome integrity. Given that deletion of lamin A exon 9 in the mouse (Lmna Δ9/Δ9 ) results in a progeria phenotype, we tested if this domain is important for genome integrity. Lmna Δ9/Δ9 MEFs exhibit telomere shortening and heterochromatin alterations but do not activate cathepsin L-mediated degradation of 53BP1 and maintain expression of BRCA1 and RAD51. Accordingly, Lmna Δ9/Δ9 MEFs do not present genomic instability, and expression of mutant lamin A Δexon9 in lamin-depleted cells restores DNA repair factors levels and partially rescues nuclear abnormalities. These data reveal that the domain encoded by exon 9 is important to maintain telomere homeostasis and heterochromatin structure but does not play a role in DNA repair, thus pointing to other exons in the lamin A tail as responsible for the genomic instability phenotype in Lmna Δ8-11/Δ8-11 mice. Our study also suggests that the levels of DNA repair factors 53BP1, BRCA1 and RAD51 could potentially serve as biomarkers to identify laminopathies that present with genomic instability. muscular dystrophy and die at 5-6 weeks of age with severe growth retardation and cardiomyopathy. In addition, several mouse models of progeria have been generated to study HGPS. Most HGPS cases are caused by a splicing defect in exon 11 of the LMNA gene. A substitution of C to T at nucleotide 1824 (G608G) introduces a cryptic donor splice site that results in the deletion of 50 amino acids near the carboxyl-terminus of prelamin A. This altered form of lamin A, known as progerin, is toxic to the cells. Mice homozygous for this mutation (G609G in mice) exhibit growth retardation and premature death at around 100 days. 14 Another premature aging mouse, Zmpste24 knockout, 15 lacks the metalloprotease that cleaves the farnesylated tail of prelamin A leading to accumulation of farnesylated prelamin A and absence of mature lamin A. These mice die at five months and exhibit growth retardation, skeletal defects, cardiomyopathy, muscular dystrophy, lipodystrophy, and a progeroid phenotype. A different mouse model was generated by introducing a point mutation in exon 9 of the LMNA gene that caused mRNA splicing defects and deletion of exon 9 (herein Lmna Δ9/Δ9 ), which is accompanied by low levels of mutant lamin A/C transcripts and proteins. 16 The Lmna Δ9/Δ9 mouse shares many tissues and molecular pathologies characteristic of progeria, with severe growth retardation and death within 3-4 weeks, but with no evidence of muscular dystrophy. 17 Thus, these mice present a phenotype that is significantly different from Lmna Δ8-11/Δ8-11 mice.
At the cellular level, common defects in the laminopathies include ultrastructural defects of the nuclear envelope, loss of heterochromatin from the nuclear periphery, alterations in epigenetic marks characteristic of constitutive heterochromatin and increased genomic instability. [18] [19] [20] [21] Our previous studies demonstrated that Lmna Δ8-11/Δ8-11 MEFs present alterations in telomere structure, length and function, as well as on the stability of key factors in DNA repair. [22] [23] [24] [25] In particular, these mutant MEFs activate cathepsin L-mediated degradation of 53BP1 and downregulate transcription of BRCA1 and RAD51 genes. As a consequence, Lmna Δ8-11/Δ8-11 MEFs exhibit defects in the two main mechanisms of DNA doublestrand break (DSB) repair: non-homologous end-joining (NHEJ) and homologous recombination (HR).
Here, we used MEFs from Lmna Δ9/Δ9 mice to determine if the domain of A-type lamins encoded for by exon 9 is important for the maintenance of genome stability. We find that Lmna Δ9/Δ9 MEFs present with telomere and chromatin defects but not genomic instability. Interestingly, expression of mutant lamin A Δexon9 protein is able to maintain normal levels of the DNA repair factors 53BP1, BRCA1, and RAD51, as well as rescue DNA repair defects in A-type lamins-depleted cells. Our study suggests that the domain encoded for by exon 9 is not critical for DNA repair, and that the levels of DNA repair factors such as 53BP1, BRCA1 and RAD51 have the potential to serve as biomarkers to identify laminopathy patients with genomic instability.
Results
telomere shortening in Lmna Δ9/Δ9 mice We previously showed that Lmna Δ8-11/Δ8-11 MEFs exhibit telomere shortening and complete telomere losses. 22, 24 Here, we determined if Lmna Δ9/Δ9 MEFs are compromised in their ability to maintain telomere length homeostasis. Since previous studies showed that lamin A/C transcripts carrying the Δexon9 mutation are not stable, 16 we first confirmed the global decrease of mutant lamin A/C proteins in MEFs isolated from these mice ( fig. s1 ).
Next, we measured telomere length by telomere restriction fragment (TRF) analysis and quantitative fluorescence in situ hybridization (Q-FISH) analysis (figs. 1a and b). Lmna Δ9/Δ9 MEFs show a clear faster migration of telomeres by TRF compared with wild-type, indicative of shorter telomere tracks. These results were confirmed by Q-FISH assays, which show an average telomere length approximately 6 Kb shorter in Lmna Δ9/Δ9 MEFs than in wild-type MEFs ( fig. 1b) . In addition, a 50-75% decrease in the percentage of long telomeres (>65 Kb) was observed in Lmna Δ9/Δ9 MEFs. Statistical analysis shows that these differences in telomere length between genotypes are significant (*P = 0.0181). These data demonstrate that low expression of the lamin A Δexon9 form leads to defects in the maintenance of telomere length homeostasis, recapitulating the defects observed in Lmna Δ8-11/Δ8-11 MEFs and in MEFs depleted of A-type lamins via lentiviral transduction with specific shRNAs. 22, 24 Thus, alterations in A-type lamins, via depletion or expression of mutant lamins, result in faster telomere attrition, which if recapitulated in human cells, could limit cell proliferation over time.
telomeric and pericentric heterochromatin structure is altered in Lmna Δ9/Δ9 fibroblasts Telomeric and pericentric domains have epigenetic modifications characteristic of heterochromatin, including trimethylation of histone H3 at lysine 9 (H3K9me3) and of histone H4 at lysine 20 (H4K20me3). 26, 27 We previously found that expression of Δexon8-11 mutant lamins affects the epigenetic status of telomeric and pericentric chromatin. In particular, decreased levels of H4K20me3 at both domains were observed in Lmna Δ8-11/Δ8-11 fibroblasts. 24 To determine if MEFs from the Lmna Δ9/Δ9 mouse model exhibit alterations in the structure of telomeric heterochromatin we performed chromatin immunoprecipitation (ChIP) assays with antibodies recognizing H3K9me3 and H4K20me3 marks ( fig. 1c ). We found a 40% decrease in the levels of both heterochromatic marks at telomeres in Lmna Δ9/Δ9 cells ( fig. 1d) . Collectively, these data support a role for A-type lamins in the maintenance of telomeric chromatin structure, with specific mutations in A-type lamins having differential impacts on the epigenetic status of telomeres.
Alterations of telomeric chromatin structure are often phenocopied by pericentric heterochromatin. Such is the case of Lmna Δ8-11/Δ8-11 MEFs, which show reduced levels of H4K20me3 at pericentric domains. To determine the levels of H3K9me3 and H4K20me3 at pericentric chromatin in Lmna Δ9/Δ9 fibroblasts, the membranes hybridized with a telomeric probe were stripped and rehybridized with a probe recognizing major satellite sequences. Interestingly, while the levels of H3K9me3 at pericentric chromatin were also reduced in the mutant cells (albeit to a lower extent than at telomeric chromatin), the levels of H4K20me3 were maintained in the mutant cells at these domains ( fig. 1c) . Our results indicate specificity with respect to epigenetic changes at telomeric vs. pericentric chromatin in Lmna Δ9/Δ9 MEFs. Furthermore, comparing global levels of heterochromatic marks between Lmna Δ8-11/Δ8-11 and Lmna Δ9/Δ9 MEFs by western revealed a global decrease of H4K20me3 in Lmna Δ8-11/Δ8-11 MEFs and a global decrease in both H3K9me3 and H4K20me3 in Lmna Δ9/Δ9 MEFs ( fig. 1e) .
Mutations in the LMNA gene and reduced lamin expression are associated with loss of heterochromatin from the nuclear periphery. 28 In mouse cells, heterochromatic domains, especially pericentric regions, are easily visualized by DAPI staining during interphase. In normal fibroblasts, pericentric domains appear as DAPI-positive clusters called chromocenters that are enriched in H3K9me3 and H4K20me3 marks. We performed immunofluorescence studies to test if expression of Δexon9 lamin A mutant protein affects the structure and distribution of heterochromatin domains within the nucleus. We found that in mutant cells, DAPI staining is distributed throughout the nucleoplasm, exhibiting only a few areas of compacted pericentric chromatin ( fig. 1f) . Labeling with antibodies recognizing H3K9me3 and H4K20me3 mirrored the DAPI distribution, such that the heterochromatic marks in mutant cells were either distributed more diffusely throughout the nucleus or forming a few large aggregates. Overall, these studies indicate that low expression of the lamin A Δexon9 mutant protein leads to a decrease in heterochromatic marks at telomeres and an overall disorganization of pericentric chromatin domains. These results support a role for the domain encoded by exon 9 of the LMNA gene in the nuclear compartmentalization of heterochromatin. fibroblasts from Lmna Δ9/Δ9 mice do not exhibit profound genomic instability
Alterations of telomere biology and defects in DNA repair can lead to chromosome end-to-end fusions and other chromosomal aberrations that have serious detrimental effects for the integrity of the genome. Lmna Δ8-11/Δ8-11 MEFs feature defective DNA repair pathways and increased basal DNA damage levels, as well as increased chromosomal aberrations. 19, 24 To determine whether the domain encoded by exon 9 is important for the maintenance of genomic stability, we tested if Lmna Δ9/Δ9 MEFs phenocopy these defects. FISH analysis performed with a telomere probe shows that mutant MEFs have only a modest increase in single telomere loss (STL) ( fig. 2a) . In addition, we did not find evidence of increased frequency of chromosome end-to-end fusions or chromosome and chromatid breaks in Lmna Δ9/Δ9 MEFs. Only an increase in the percentage of metaphases with complex aberrations (recombination figures, double minute chromosomes and aneuploidy) was noted, although at a low frequency ( fig. 2a) . To confirm that the Lmna Δ9/Δ9 fibroblasts were able to maintain chromosome stability, we monitored the presence of γH2AX foci. We did not find any evidence of basal levels of unrepaired DNA damage in these cells ( fig. 2b) . In addition, neutral comet assays performed to compare DNA repair kinetics between genotypes did not show any defects in the ability of Lmna Δ9/Δ9 fibroblasts to repair DNA DSBs resulting from ionizing radiation ( fig. 2c) . In summary, we did not find a profound increase in genomic instability in the Lmna Δ9/Δ9 mutant cells when compared with wild-type, thus revealing profound differences in the ability to maintain genome integrity between the Lmna Δ9/Δ9 and Lmna Δ8-11/Δ8-11 models.
To gain insight into putative molecular mechanisms responsible for these differences, we compared the levels of key factors in the DNA damage response (DDR) regulated by A-type lamins. We previously showed that Lmna Δ8-11/Δ8-11 MEFs exhibit significant genomic instability, in part due to activation of CTSL-mediated degradation of 53BP1 protein, and reduced expression of BRCA1 and RAD51 genes. We tested whether Lmna Δ9/Δ9 fibroblasts are deficient in these DNA repair factors. As shown in figure 2d, Lmna Δ9/Δ9 fibroblasts maintain nearly normal levels of CTSL, 53BP1, BRCA1 and RAD51 transcripts. In addition, comparing the levels of DNA repair factors between wild-type, Lmna Δ8-11/Δ8-11 and Lmna Δ9/Δ9 fibroblasts confirmed the upregulation of CTSL and decreased levels of 53BP1, BRCA1 and RAD51 in Lmna Δ8-11/Δ8-11 , with no profound differences in the levels of any of these proteins between wild-type and Lmna Δ9/Δ9 fibroblasts ( fig. 2e) . Our results indicate that low expression of the mutant lamin A Δexon9 protein does not lead to destabilization of 53BP1, loss of BRCA1 and RAD51 or profound genomic instability. This mutation leads, however, to telomere length changes and defects in heterochromatin structure.
expression of lamin a Δexon9 protein rescues 53bP1, brca1 and rad51 levels in lamin-depleted cells
Our data suggest that a mutant lamin A protein lacking the domain encoded by exon 9 is able to maintain the levels of DNA repair factors 53BP1, BRCA1 and RAD51. To test this model directly, we generated lamin-deficient cells via lentiviral transduction of wild-type MEFs with a specific shRNA (shLmna) and shRNA control (shLuc). As shown in figure 3a and b, depletion of lamins A/C results in increased expression of CTSL mRNA and protein, with the consequent destabilization of 53BP1 protein, as well as a marked reduction in BRCA1 and RAD51 mRNA and protein, as previously reported. 25 Next, we performed retroviral transduction of lamin-depleted cells with an empty vector control (EV), wild-type lamin A (LA) or the mutant lamin A Δexon9 (ΔEx9LA) construct. Interestingly, expression of both proteins reduced the global levels of CTSL and rescued the levels of 53BP1, BRCA1 and RAD51 proteins ( fig. 3a) . Monitoring the levels of transcripts of these DNA repair factors revealed that ΔEx9LA protein expression counteracts the transcriptional activation of CTSL and the repression of BRCA1 and RAD51 observed in lamin-depleted cells ( fig. 3b) . Furthermore, previous studies had shown that loss of A-type lamins leads to degradation of Rb family members pRb and p107 with no effect on p130. 25, 29, 30 Interestingly, reconstitution of a variety of disease-associated lamin mutants into lamin-deficient cells rescued Rb family members and the ability of these cells to respond to p16 ink4a -induced growth arrest. 30 Here, we show that reconstitution of ΔEx9LA protein expression also rescues the levels of pRb and p107 proteins in lamins-depleted cells. These results demonstrate that the domain encoded by exon 9 in the LMNA gene is not necessary to maintain transcription and stabilization of DNA repair factors and cell cycle proteins regulated by A-type lamins.
To determine if lamin mutants associated with genomic instability are able to rescue the levels of DNA repair factors, we reconstituted the mutant lamin A protein that is expressed in HGPS patients (G608G) ( fig. 3c) . Intriguingly, we found that after passaging the cells for approximately two weeks, G608GLA mutant protein was able to rescue to certain extent the levels of CTSL and 53BP1. In contrast, cells expressing G608GLA exhibit as low levels of BRCA1, RAD51, pRb and p107 proteins as lamin-deficient cells. These results support the notion that specific mutations in A-type lamins affect the expression and stability of different proteins, thus affecting differentially DNA repair mechanisms, genomic stability and cell cycle regulation.
Altogether, our data indicate that cells expressing ΔEx9LA mutant protein are able to maintain the levels of key factors in the maintenance of genomic stability. Supporting this conclusion, expression of ΔEx9LA mutant protein reduced the basal levels of unrepaired DNA damage in lamin-depleted cells, as monitored by γH2AX foci ( fig. 4a and b) . In addition, ΔEx9LA mutant protein reduced the extent of nuclear morphological abnormalities, as monitored by DAPI ( fig. 4a and b) , to a similar extent as wild-type lamin A protein. In summary, we show that the domain encoded for by exon 9 in the LMNA gene affects telomere homeostasis and heterochromatin structure, without having a major role in the maintenance of DNA repair and genome stability.
Discussion
The broad range of diseases associated with either mutations in the LMNA gene or changes in the expression of A-type lamins has drawn much attention toward elucidating the functions of these structural nuclear proteins. Several lines of evidence indicate that lamin-related diseases are associated with increased genomic instability. 19, 24, 31 The notion that defects in the maintenance of telomeres and in DNA repair contribute to the pathophysiology of these diseases has been gaining momentum. However, the data supporting this notion remains scarce. Our previous studies showed that Lmna Δ8-11/Δ8-11 fibroblasts exhibit defects in telomere structure, length and function, increased chromosome and chromatid breaks, a higher degree of unrepaired DNA damage and an overall increase in genomic instability. The activation of CTSL-mediated degradation of 53BP1 and the transcriptional downregulation of BRCA1 and RAD51 genes are mechanisms underlying the genomic instability in these cells. These results support the notion that increased genomic instability contributes to the phenotype of some lamin-related diseases. The present study on Lmna Δ9/Δ9 mice shows, however, that increased genomic instability is not a phenotype shared by all lamin-related diseases. In contrast, alterations of telomere biology and heterochromatin defects are common to many models of laminopathies, although if and how these alterations contribute to the pathophysiology of these diseases remains unknown. Furthermore, our data begins to provide information about domains in A-type lamins that are important for maintenance of DNA repair factors, DNA repair mechanisms and overall genome integrity. In particular, we conclude that the globular tail domain encoded for by exons 8-11 contains features that are critical for the maintenance of DNA repair. Within this C-terminal domain, the region of the protein encoded for by exon 9 does not seem to contribute to the genomic instability phenotype. This region, however, plays a key role in the regulation of transcription factors that modulate the deposition of a functional extracellular matrix. 17 Given that a number of mutations in lamin A exon 9 have been linked to diseases such as HGPS (R527C) and muscular dystrophy (L530P), it is tempting to speculate that these mutations could lead to defects in different signaling pathways without affecting genomic stability. Future studies with different disease-associated point mutations or more deletions in this domain will be necessary to delineate the specific region in the globular tail of A-type lamins that is responsible for the genomic instability phenotype. defects in chromatin structure Fibroblasts from HGPS patients exhibit reduced levels of the heterochromatic marks HP1, H3K9me3 and H3K27me3, while featuring increased levels of H4K20me3 at pericentric chromatin domains. 18, 21 The defects in HP1 and H3K9me3 have been linked to a reduction of NURD subunits, specifically RBBP4, RBBP7 and HDAC1, which interact with lamin A. 32 The authors found that the loss of NURD subunits in HGPS cells was dependent upon the presence of progerin. It remains to be determined if expression of other mutant lamins impact on these chromatin-regulating factors. Interestingly, Lmna Δ8-11/Δ8-11 fibroblasts do not show decreased H3K9me3 at heterochromatic domains. Thus, this mutant form of lamins might not affect the expression of NURD factors. In contrast, we found a marked decrease in H4K20me3 levels at these domains. 24 The concomitant destabilization of Rb family members in Lmna Δ8-11/Δ8-11 fibroblasts 29 could be responsible for this defect. 27 In the present study we show that Lmna Δ9/Δ9 fibroblasts exhibit yet a different pattern of defects in histone marks. Lmna Δ9/Δ9 fibroblasts have decreased global levels of both H3K9me3 and H4K20me3, which are recapitulated in telomeric domains. Interestingly, pericentric chromatin exhibit decreased levels of H3K9me3, while maintaining H4K20me3 levels. Understanding the molecular mechanisms that allow Lmna Δ9/Δ9 fibroblasts to maintain H4K20me3 levels at pericentric but not telomeric chromatin will require further investigation. Of note, in addition to the defects in histone marks, we observed alterations in the structure of pericentric heterochromatin in Lmna Δ9/Δ9 cells. Altogether, these studies indicate that A-type lamins play a key role in the maintenance of heterochromatin domains, with different alterations in these proteins impacting on specific chromatin-modifying activities.
defects in telomere biology Alterations of telomere biology have been associated with lamin-related diseases. However, the available data shows clear differences between the different models studied. While HGPS fibroblasts undergo faster telomere attrition during proliferation, Zmpste24 -/cells maintain telomere length homeostasis. 15 In Lmna Δ8-11/Δ8-11 , we observed both telomere shortening and telomere deletions. Interestingly, Lmna Δ9/Δ9 fibroblasts show telomere attrition but not a significant increase in STL.
Maintenance of telomere length and stability is a complex process that requires proper accessibility of telomerase to replicating telomeres and assembly of the shelterin complex after replication. The shelterin complex facilitates the formation of a T-loop structure at the end of the chromosome, which prevents NHEJ or HR events involving telomeres. We envision that the expression of lamin A Δexon9 mutant proteins might hinder the accessibility of telomerase, while expression of lamin A Δexon8-11 could affect both telomerase accessibility and telomere replication and/or repair, leading to terminal deletions. These differences suggest that specific mutations in the LMNA gene impact differentially on telomere maintenance mechanisms. However, we find it unlikely that the telomere defects play a major role in the phenotype of mouse models of laminopathies, given that in most cases the defects are modest. Other processes such as defects in DNA repair, cell cycle regulation and signaling pathways that condition the extracellular environment could possibly have a major contribution to the pathophysiology of these diseases.
genomic instability in the laminopathies Increased genomic instability has been observed in Lmna Δ8-11/Δ8-11 fibroblasts. In contrast, no evidence of increased genomic instability was found in Lmna Δ9/Δ9 fibroblasts. A striking difference between these genotypes is their ability to stabilize 53BP1 and maintain expression of BRCA1 and RAD51. We found that the levels of 53BP1, BRCA1 and RAD51 are markedly reduced in Lmna Δ8-11/Δ8-11 and lamin-depleted fibroblasts but not in Lmna Δ9/Δ9 fibroblasts. Overall, these studies provide new insights about how different mutations in lamin A impact specific molecular mechanisms responsible for the maintenance of genome integrity.
The DNA repair factors 53BP1, BRCA1 and RAD51 are recruited to sites of DNA DSBs and play a key role in the repair of breaks by NHEJ (53BP1) and HR (BRCA1 and RAD51). We previously reported that the decrease in 53BP1, BRCA1 and RAD51 levels observed in Lmna Δ8-11/Δ8-11 fibroblasts could explain the increased genomic instability observed in these cells. In support of this notion, Lmna Δ9/Δ9 cells, which maintain the levels of all these proteins, are able to maintain genome integrity.
The molecular mechanisms by which specific mutations in A-type lamins impact on the expression of CTSL, BRCA1 and RAD51 remain unknown. However, it is clear that transcription of these genes is affected by specific lamins mutations. It is plausible that the localization of these genes in the 3D nuclear space is affected by the mutant lamins, as shown for a number of genes. 33 Alternatively, the effect of lamins mutations in chromatin structure could alter the epigenetic status of these genes, resulting in deregulated transcription. Another possibility is a direct association of lamins with these genes to regulate transcriptional activation or repression. Additional studies need to be performed to identify the mechanisms responsible for these transcriptional changes.
Importantly, this study suggests that levels of 53BP1, BRCA1, and RAD51 could represent biomarkers to screen patients with different laminopathies and identify those patients that present with genomic instability. Future studies along this line could represent important advances for therapy.
Materials and Methods

cell culture
Wild-type, Lmna Δ8-11/Δ8-11 and Lmna Δ9/Δ9 MEFs were generated in the laboratory of Stewart CL. Cells were maintained in DMEM supplemented with 10% FBS, antibiotics and antimycotics.
ionizing radiation For IRIF formation, cells were irradiated with 8 Gy and fixed and processed for immunofluorescence 1 h post-irradiation. For comet assays, cells were irradiated with 8 Gy and collected at different times post-irradiation.
telomere length measurement TRF Cells were prepared in agarose plugs and TRF analysis was performed as described. 34 Quantitative FISH Metaphase stage chromosomal spreads were prepared and hybridized as described. 35 Fluorescent images were taken using a Nikon 90i upright microscope and the intensity of telomere fluorescence was analyzed using the TFL-Telo program (gift from Lansdorp P, Vancouver, Canada). Images and fluorescence telomere values were obtained from at least 20 metaphases in all cases.
chromatin immunoprecipitation ChIP analyses were performed as described 36 with modifications. We used 4 × 10 6 MEFs per condition and diluted 200 μL of lysate 1:10 in dilution buffer. Samples were pre-cleared with 25% slurry of Protein A/G PLUS-Agarose IP Reagent (sc-2003, Santa Cruz) that was blocked with E. coli genomic DNA and BSA. Chromatin was immunoprecipitated using anti-H3K9me3 and anti-H4K20me3 antibodies. Immunoprecipated DNA was slot-blotted onto a Hybond N + membrane and hybridized to a telomeric probe (gift from de Lange T, Rockefeller University, NY) or a major satellite probe. The signal was quantitated using the ImageQuant software (Molecular Dynamics). Serial dilutions of the unbound fraction from the no antibody control were processed for inputs. We calculated the amount of telomeric DNA immunoprecipitated relative to the signal of the corresponding inputs. The ChIP values are represented as a percentage of the total input telomeric DNA, therefore correcting for the difference in the number of telomere repeats.
immunofluorescence Cells growing in coverslips were processed directly for IF or irradiated with 8 Gy and processed 1 h post-irradiation. Cells were fixed in 3.7% formaldehyde + 0.2% Triton-X 100 in PBS for 10 min at RT and blocked for 1 h at 37 °C in 10% serum in PBS. Incubations with antibodies were performed for 1 h at 37 °C. Washes were performed in PBS and slides were counterstained with DAPI in Vectashield (Vector). Microscopy and photo capture was performed on either a Nikon Eclipse 90i microscope using 60× or 100× oil objective lenses (NA 1.4 and 1.45, respectively) with a Photometrics Cool Snap ES2 digital camera and MetaMorph (Version 7.1.2.0) or a Leica DM5000 B microscope using 63× or 100× oil objective lenses (NA 1.4 and 1.3, respectively) with a Leica DFC350FX digital camera and the Leica Application Suite (Version 4.1.0). fluorescence in situ hybridization FISH was performed on metaphase spreads. Cells were arrested in mitosis by treating with colcemid for 4 h and prepared for FISH by hypotonic swelling in 0.56% KCl, followed by fixation in 3:1 methanol:acetic acid. Cell suspensions were dropped onto slides and FISH was performed using a Cy3-telomeric PNA probe, and DNA counterstained using DAPI. Images were taken using a Nikon 90i upright microscope.
comet assays Neutral comet assays were performed using CometSlide assay kits (Trevigen). Cells were irradiated with 8 Gy and incubated at 37 °C for different periods of time (0-150 min) to allow for DNA damage repair. Cells were embedded in agarose, lysed and subjected to neutral electrophoresis. Before image analysis, cells were stained with ethidium bromide and visualized under a fluorescence microscope. Single-cell electrophoresis results in a comet-shaped distribution of DNA. The comet head contains high molecular weight and intact DNA, and the tail contains the leading ends of migrating fragments. Olive comet moment was calculated by multiplying the percentage of DNA in the tail by the displacement between the means of the head and tail distributions. We utilized the program CometScore™ Version 1.5 (TriTek) to calculate Olive Comet Moment. A total of 25-30 comets were analyzed per condition in each experiment.
immunoblotting Cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1% NP-40, 0.2% SDS, 0.25% sodium deoxycholate and 1 mM EDTA) containing HALT protease and phosphatase inhibitor cocktail (Pierce). Lysates were sheared using 10 passes through a 26-gauge needle followed by 10 passes through a 30-gauge needle. Sixty to 80 µg of total protein were separated by SDS-PAGE on a 4-15% Criterion TGX Gel (Bio-Rad) and transferred to a nitrocellulose membrane using the Trans-Blot Turbo system (Bio-Rad). Membranes were developed using standard ECL technique and used Thermo Pierce ECL (Fisher) or Millipore Super ECL (EMD Millipore) for BRCA1 detection. A list of antibodies used is provided in the supplemental material. quantitative reverse-transcription Pcr cDNA was generated by reverse transcription of 1 μg total RNA using the GeneAmp ® RNA PCR kit (Applied Biosystems, CA). qRT-PCR was performed using the 7900HT Fast Real-Time
